Keywords: hairless mouse microemulsion-based hydrogel (MEH) 20(S)-protopanaxadiol (20S-PPD) Strat-M membrane topical delivery a b s t r a c t Background: 20(S)-Protopanaxadiol (20S-PPD) is a fully deglycosylated ginsenoside metabolite and has potent dermal antiaging activity. However, because of its low aqueous solubility and large molecular size, a suitable formulation strategy is required to improve its solubility and skin permeability, thereby enhancing its skin deposition. Thus, we optimized microemulsion (ME)-based hydrogel (MEH) formulations for the topical delivery of 20S-PPD. Methods: MEs and MEHs were formulated and evaluated for their particle size distribution, morphology, drug loading capacity, and stability. Then, the deposition profiles of the selected 20S-PPD-loaded MEH formulation were studied using a hairless mouse skin model and Strat-M membrane as an artificial skin model. Results: A Carbopol-based MEH system of 20S-PPD was successfully prepared with a mean droplet size of 110 nm and narrow size distribution. The formulation was stable for 56 d, and its viscosity was high enough for its topical application. It significantly enhanced the in vitro and in vivo skin deposition of 20S-PPD with no influence on its systemic absorption in hairless mice. Notably, it was found that the Strat-M membrane provided skin deposition data well correlated to those obtained from the in vitro and in vivo mouse skin studies on 20S-PPD (correlation coefficient r 2 ¼ 0.929-0.947).
Introduction
Among a number of active constituents of ginseng, ginsenosides are known to be responsible for the diverse pharmacological effects of ginseng [1] . However, only a few studies have focused on the therapeutic and cosmeceutical potential of ginsenosides for skin healthcare. Ginsenosides Rb1 and F1 have been reported to show antimelanogenic activity in B16 cells and human skin, respectively [2, 3] . More recently, a compound K (known as a partially deglycosylated ginsenoside metabolite)-rich fraction prepared from ginseng was demonstrated to have antiphotoaging activity via the modulation of several signaling pathways in UV-B-irradiated NIH3T3 fibroblasts and alpha-melanocyte-stimulating hormonetreated B16F10 cells [4] . However, those studies used classic formulations, such as solutions and creams, for the topical application of ginsenosides. The limited solubility and membrane permeability of relevant ginsenosides [5e7] warrant further studies on the development of more efficient cosmeceutical ginsenoside preparations using suitable topical delivery systems.
20(S)-Protopanaxadiol (20S-PPD; Fig. 1 ) is a fully deglycosylated metabolite of ginsenosides Rb1, Rb2, Rb3, Rg3, Rh2, and compound K [8] . It has various pharmacological activities including antiestrogen, cardioprotective, antitumor, anti-inflammatory, and antidepressant effects [9] . Currently, a 20S-PPD capsule is being developed as a novel antidepressant and is undergoing phase-IIa clinical trials in China [9] . Notably, a recent study demonstrated that 20S-PPD showed markedly higher antiwrinkle and skinwhitening effects in immortalized human keratinocytes and 3D-cultured human skin equivalent models than compound K and Rb1 did, via the suppression of matrix metalloproteinases, which mediates the degradation of collagen and elastin in the skin [10] . However, there have been no published studies on the topical delivery of 20S-PPD so far. Moreover, 20S-PPD has a low aqueous solubility (<50 ng/mL) and relatively large molecular size (460.7 Da), which would be the main obstacles to its permeation through the stratum corneum (SC) and deposition in the epidermis and dermis [11] . Therefore, a suitable formulation strategy is required to improve the solubility and skin permeability of 20S-PPD to enhance its epidermal/dermal deposition.
Among the various pharmaceutical dosage forms, microemulsion (ME) has emerged as a promising nano-sized carrier system for the topical delivery of drugs with low solubility and/or low permeability [12e14] . MEs are composed of an oil phase, water phase, and surfactant mixture (S mix ), which is an isotropic, transparent, and thermodynamically stable colloidal system with droplet sizes ranging from 10 nm to 200 nm [15, 16] . Waterinsoluble drugs can be solubilized in the oil phase and/or adsorbed into the oilewater interface of an ME, which allows a higher drug loading capacity of the ME formulation and enhances the driving force of drug permeation through the skin [17, 18] . Moreover, several ingredients of the ME formulation can serve as permeation enhancers to overcome skin barrier functions [19] . However, despite the advantages of MEs, its topical application in a clinical setting has often been hindered because of its low viscosity [15] . Thus, ME-based hydrogels (MEHs) have attracted interest as an alternative topical delivery system [15, 17, 20, 21] . In general, MEHs with a suitable viscosity and good biocompatibility can prolong the retention time of drug on the skin and reduce the risk of skin irritation after their topical application [22, 23] .
Therefore, the objective of the present study was to investigate the feasibility of applying pharmaceutical drug delivery technology to the topical delivery of 20S-PPD using MEs and MEHs. The 20S-PPD-loaded ME and MEH formulations were prepared via the construction of a pseudo ternary phase diagram and characterized in vitro in terms of loading capacity, particle-size distribution, morphology, surface charge, viscosity, and long-term stability. Then, the in vitro and in vivo skin deposition properties were studied using hairless mice and Strat-M membranes, an artificial skin membrane. Additionally, the correlation between the skin deposition profiles of 20S-PPD in hairless mouse skin and Strat-M membrane was investigated. 
Materials and methods

Materials
20S-PPD (purity
Animals
For in vitro and in vivo evaluation, male hairless mice (5 wk of age, 20-25 g) were used and obtained from Orient Bio Inc. (Sungnam, Korea). They were housed on sawdust, and five mice were in each cage. They had free access to water and food prior to the study. The room was maintained under a 12-h automatic cycle of light/ darkness, and the room temperature was maintained at 25 AE 2 C. They were acclimatized to these conditions for at least 1 wk before the experiments began. Experimental protocols for the animals (Approval number: SNU-111007-4-2) used in this study were reviewed by the Animal Care and Use Committee of the College of Pharmacy, Seoul National University, and were in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication Number 85-23, revised 1985).
Preparation of 20S-PPD-loaded ME and MEH formulations 2.3.1. Solubility study
The solubility of 20S-PPD was determined in various vehicles by adding an excessive amount of 20S-PPD into a tube containing 1 mL of each vehicle. The mixtures were allowed to approach an equilibrium state in a vortex shaker (Vortex-Genie 2; Scientific Industries, Inc., Bohemia, NY, USA) at 50 rpm at 25 C for 72 h. The samples were centrifuged at 16,000g for 5 min, and the supernatant was passed through a 0.20-mm syringe filter to remove excess 20S-PPD. Finally, the concentration of 20S-PPD in the filtered solution was quantified by LCeMS/MS after appropriate dilution with methanol.
Construction of pseudo-ternary phase diagrams
Based on the results of the solubility test (Table 1) , Capmul MCM EP was selected as the oil phase, whereas Labrasol and Tween 20 were selected as the surfactant mixture (S mix ) phase. For the construction of pseudo-ternary phase diagram, the combination of surfactants (Labrasol and Tween 20) were mixed at various ratios (1:1, 2:1, and 3:1, w/w) to make the S mix . Then, the oil phase and S mix were mixed at 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 (w/w). Distilled water (DW) was added dropwise to each oil and S mix combination at room temperature while stirring to allow equilibration. After equilibrium, the mixtures were visually checked for transparency. The points from clear to turbid state are presented in Fig. 2 .
Preparation of 20S-PPD-loaded ME and MEH formulations
From the clear region of pseudo-ternary phase diagrams, three ME formulations (F1-F3) were selected for further evaluations ( Table 2 ). For the preparation of MEs with 0.1% (w/w) 20S-PPD, the exact amount of 20S-PPD was first added into the Capmul MCM EP and vortex-mixed to dissolve 20S-PPD. Labrasol and Tween 20 mixtures were subsequently added to the 20S-PPD oil solution under gentle stirring at room temperature. Then, DW was added dropwise into the above mixture under the same conditions. To investigate the synergic effect of cosurfactants Transcutol HP and soy PC, they were added into the S mix , after the 20S-PPD was added in the Capmul MCM EP and DW was added as described above (F4 and F5, Table 2 ). To prepare MEHs of 20S-PPD, three different hydrophilic polymers (xanthan gum, Poloxamer 407, and Carbopol 941) were added at 1.0%, 15.0%, and 1.0% (w/w), respectively, in the F5 formulation (F5-H) , where the Carbopol 941-based MEH was neutralized with 2.0% (w/w) triethanolamine.
Characterization of 20S-PPD-loaded ME and MEH formulations
The mean particle size, polydispersity index, intensity distribution of particle size, and zeta potential of 20S-PPD-loaded MEs were measured in triplicate by an electrophoretic light-scattering (ELS) spectrophotometer (ELS 8000; Otsuka Electronics Co. Ltd., Tokyo, Japan). The 20S-PPD-loaded MEs were transferred to a quartz cuvette, and all measurements were performed at 25 C.
The particle morphologies of the 20S-PPD-loaded MEs and MEHs were observed by an energy-filtering transmission electron microscopy (TEM; LIBRA 120; Carl Zeiss, Jena, Germany) at 80 kV. The samples were placed on a carbon-coated copper grid and negatively stained with 2% phosphotungstic acid followed by drying at room temperature prior to the operation.
The pH values of the 20S-PPD-loaded MEs and MEHs were evaluated using a pH meter (OrionTM 3-Star Benchtop; Thermo Fisher Scientific Co.) at 25 C in triplicate after calibration with standard pH buffer solutions ranging from pH 4.0 to 10.0.
The viscosity of the 20S-PPD-loaded MEs and MEHs was evaluated using a rotational viscosity measurement device coupled with a concentric cylinder (LV1) at 25 C (Brookfield viscometer LVDVE; Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA).
To confirm the maximum 20S-PPD-loading capacity of the ME and MEH formulations, excess 20S-PPD was added into the combined oil and S mix , after which the 20S-PPD-loaded MEs and MEHs were prepared. Next, excess 20S-PPD not included in the droplets of the ME was removed by centrifugation for 5.0 min at 16,000g. The supernatant was then injected into an LCeMS/MS system for analysis after adequate dilution with methanol.
2.5. In vitro deposition studies using hairless mouse skin and artificial membrane
In vitro deposition of 20S-PPD into hairless mouse skin was evaluated using KesharyeChien diffusion cells at 32 C, which have a surface area of 1.77 cm 2 [24] . After sacrificing the mice by cervical dislocation, the dorsal skin was cut to an appropriate size and the subcutaneous fat was removed. Then, they were fixed between the donor and receptor cells, laying the SC toward the donor cells. The receptor cells were filled with phosphate buffered saline containing 1.0% w/v sodium lauryl sulfate (13.0 mL). Subsequently, various 20S-PPD-loaded MEs (F1 to F5) were applied to the donor cell side and sealed with parafilm to avoid evaporation of the samples. The skin was removed from the diffusion cells 6 h after applying the samples and washed out with methanol. To determine the amount of 20S-PPD in the SC, the tape stripping method was used [25] . Cellophane adhesive tape (CuDerm Co., Dallas, TX, USA) was applied three times to the SC, and each tape was separately collected into a 2.0-mL tube. After removing the SC, the skin samples (i.e., epidermis and dermis) were chopped and collected in a mortar. The chopped samples were ground to a powder using a pestle after adding liquid nitrogen. The skin powders were collected with cellophane adhesive tape and transferred into a 2.0-mL tube. For the extraction of 20S-PPD from the tape, methanol (1.5 mL) was added and the tube was shaken for 3 h, followed by centrifugation for 5.0 min at 16,000g.
Water (%)
In vitro deposition of 20S-PPD into a Strat-M membrane was evaluated using the same diffusion cell. Strat-M membranes (2.5 cm diameter) were fixed between the donor and receptor cells, laying the shiny side toward the donor cells. The receptor cells were filled with the same media as described above. Then, 20S-PPD in various vehicles (0.1%, w/w), i.e., MEs (F1 to F5), MEH (F5-H), suspension (DW and propylene glycol mixture; 9:1 w/w), and oil (Capmul MCM EP) solution, was applied to the donor cell side and sealed with parafilm to avoid evaporation of the samples. The Strat-M membranes were removed from the diffusion cells 3 h after applying the samples and washed out with methanol. Then, they were placed into a 2.0-mL tube and a mixture of acetone and methanol (70:30 v/ v%, 1.5 mL) was added. For the extraction of 20S-PPD from the Strat-M membrane, the tube was shaken for 3 h, followed by centrifugation for 5.0 min at 16,000g. Then, a 1.0-mL aliquot of the supernatant was evaporated using a gentle nitrogen gas stream at 30 C and reconstituted with 0.5 mL methanol. Finally, the amount of 20S-PPD in the SC at 6 h and epidermis/dermis of hairless mouse skin at 3 h and Strat-M membrane was analyzed using LCeMS/MS system. The deposited amount value of 20S-PPD was normalized by the skin surface area, with a dimension of ng/cm 2 . This parameter was converted to the epidermal/dermal concentration value, with a dimension of nM, using the thickness of the epidermis/dermis layer of male hairless mouse skin (510 mm ¼ 0.051 cm) and the molecular weight of 20S-PPD (460.7 g/mol).
In vivo skin deposition and plasma pharmacokinetic studies
In vivo skin deposition and permeation of 20S-PPD were evaluated using male hairless mice. The mice were slightly anesthetized with ether prior to the experiment and fixed with the dorsal part upward. To apply the suspension (DW and propylene glycol mixture; 9:1 w/w) and oil (Capmul MCM EP) solution, a specially designed cylinder-type chamber with a diffusion area of 0.79 cm 2 was put on the dorsal skin of the mice and fixed with surgical glue (Vet bond; 3M Co., St. Paul, MN, USA). After recovery from anesthesia, the suspension or oil solution containing 0.1% (w/w) of 20S-PPD was applied into the chamber to test the topical administration of 20S-PPD. In addition, a 20S-PPD-loaded MEH (F5-H) was applied on the same area by hand rubbing. All formulations were applied to the skin at a dose of 25 mg/kg.
Prior to sacrificing the mice at 3 h, 6 h, 12 h, 18 h, and 24 h, a 300-mL aliquot of blood was collected for evaluation of permeated 20S-PPD through the skin. Plasma samples were obtained by centrifugation for 5.0 min at 16,000 Â g and stored at À20 C until LCeMS/MS analysis. The hairless mice were then sacrificed by cervical dislocation. Afterward, the skin samples were pretreated as described in the in vitro skin deposition study to determine the deposited 20S-PPD into the skin using LCeMS/MS system.
Stability test
The stability of 20S-PPD was evaluated by comparing the 20S-PPD content and change of particle size distribution in various formulations at room temperature and 40 C for 7 d, 14 d, 28 d, and 56 d. Briefly, an oil solution, 20S-PPD-loaded MEs (F1 and F5) and MEH (F5-H) containing 0.1% (w/w) of 20S-PPD were prepared and stored at the above conditions. At 0 d (initial state), 7 d, 14 d, 28 d, and 56 d, the mean particle size distribution of the samples was measured using an ELS spectrophotometer. To determine the 20S-PPD content, the samples were centrifuged for 5.0 min at 16,000g, and the supernatant was injected into an LCeMS/MS system after adequate dilution with methanol.
LCeMS/MS analysis of 20S-PPD
The amount of 20S-PPD was determined by LCeMS/MS analysis as previously described [9] . The samples were injected into an Agilent LCeMS/MS system (Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent Technologies 1260 Infinity HPLC system and Agilent Technologies 6430 Triple Quad LCeMS system. The samples were injected through a Hypersil BDS C18 column (50 mm Â 4.6 mm, 5mm; Thermo Fisher Scientific Co.). The mobile phase was 93% acetonitrile and 7% water containing 0.2% formic acid (v/v). The flow rate was 0.37 mL/min. 20S-PPD was determined in the multiple reaction-monitoring mode with positive electrospray ionization. The gas temperature, gas flow, nebulizer pressure, and capillary voltage were 120 C, 9 L/min, 25 psi, and 6,000 V, respectively. The m/z value of the precursor to product ion, fragment voltage, collision energy, and cell accelerator voltage for 20S-PPD were 461.4 to 425.5, 111 V, 4 eV, and 1 V, respectively. The analytical data were processed using the MassHunter Workstation Software Quantitative Analysis (vB.05.00; Agilent Technologies). The retention time of 20S-PPD was 1.09 min. The calibration standard samples were prepared by serial dilution with methanol, thereby yielding a final concentration range of 2.0e1,000 ng/mL. The response of the detector was linear in the concentration range and the mean correlation coefficient (r 2 ) for the calibration curve was more than 0.999. The signal/noise ratio on the lower limit of quantification (LLOQ ¼ 2.0 ng/mL) was higher than 5.0, and there was no interference from any other substance. Plasma samples containing 20S-PPD were allowed to thaw at room temperature for analysis. A 100-mL aliquot of each sample was deproteinized with 1 mL methanol containing 500 ng/mL ketoprofen as an internal standard (IS). After vortexing for 5 min, followed by centrifugation at 16,000g for 5 min, a 900-mL aliquot of the supernatant was transferred and evaporated by nitrogen gas at 40 C. Then, the film was reconstituted with 100 mL methanol. After vortexing for 5 min, followed by centrifugation at 16,000g for 5 min, the supernatant was injected into an Agilent LCeMS/MS system with the same column and MS/MS conditions. The mobile phase was 88% acetonitrile and 12% water containing 0.2% formic acid (v/v). The flow rate was 0.40 mL/min. The m/z value of precursor to product ion, fragment voltage, collision energy, and cell accelerator voltage for 20S-PPD were the same as described above. The parameters for IS were 255.1 to 209.1, 110 V, 11 eV, and 1 V, respectively. The retention time of 20S-PPD and IS was 1.17 min and 0.51 min, respectively. The calibration standard samples were prepared by spiking the working standard into the blank plasma, thereby yielding a final concentration range of 2.0e1,000 ng/mL. The response of the detector was linear in the concentration range and the mean correlation coefficient (r 2 ) for the calibration curve was over 0.999. The signal/noise ratio at the LLOQ (2.0 ng/mL) was set at 5.0 (Fig. S1 ).
Statistical analysis
A p value of less than 0.05 was considered statistically significant using the analysis of variance (ANOVA) with Tukey's post hoc test (SAS version 9.4 statistical software; SAS Institute Inc., Cary, NC, United States). All data are expressed as the mean AE standard deviation.
Results
Preparation of ME formulations
Owing to the poor solubility of 20S-PPD in water (36.8 ng/mL), various oils and surfactants were tested to select a more suitable vehicle. The rank of the tested compounds in the order of decreasing solubility of 20S-PPD is as follows: Capmul MCM EP > Lauroglycol CC > Labrafac CC as oils and Labrasol > Tween 20 > isopropyl myristate > Limonene > PEG 400 as surfactants ( Table 1 ). The pseudo-ternary phase diagrams consisting of water (DW), oil (Capmul MCM EP), and S mix are shown in Fig. 2 . S mix is a mixture of Labrasol and Tween 20 at three different ratios (1:1, 2:1, and 3:1, w/w). As shown in Fig. 2 , the formation of clear and transparent ME was confirmed from the pseudo-ternary phase diagrams constructed using all three different S mix ratios. Three different ME formulations were selected from within the clear and transparent area of MEs prepared with the various S mix ratios (F1, F2, and F3).
Physicochemical characterization of 20S-PPD-loaded ME and MEH formulations
The compositions of 20S-PPD-loaded ME formulations are listed in Table 2 . The physicochemical properties, including particle size, polydispersity index, and zeta potential, of 20S-PPD-loaded MEs are summarized in Table 3 . The mean particle size of the prepared ME formulations ranged from 69.1 nm to 99.6 nm, with F1 having the smallest particle size. When Transcutol HP and soy PC were additionally introduced as cosurfactants, the mean particle size only slightly (not significantly) increased to 106 nm and 110 nm in F4 and F5, respectively. A near-neutral surface charge was observed for all tested 20S-PPD-loaded ME formulations. The particle size distribution and TEM images of F1 and F5 showed that spherical and nano-sized particles with a narrow-to-moderate size distribution were observed in 20S-PPD-loaded MEs (Fig. 3) .
Then, MEH formulations were prepared by the addition of gelling agents, such as xanthan gum, Poloxamer 407, or Carbopol 941, into F5. When adding xanthan gum, a turbid and unclear formulation was observed (Fig. S2A) . The rank of the three MEHs in the order of decreasing viscosity was as follows: Carbopol-based MEH (29,400 mPa s) > xanthan gum-based MEH (8,420 mPa s) > Poloxamer-based MEH (657 mPa s). This result was consistent with the fluidity of MEHs observed in a horizontal position (Fig. S2B) . As shown in Fig. 3 , spherical droplets derived from F5 were located in the Carbopol gel (F5-H), and their droplet sizes seemed to be similar to those of F5. The pH, viscosity, and maximum loading capacity values of the ME and MEH formulations are listed in Table 3 . The pH value of F5-H (6.91) was closer to neutral than those of other MEs (5.33 to 5.55). The viscosity was much higher in F5-H (29,400 mPa s) than in other MEs (9.33 mPa s to 11.2 mPa s). There were no significant differences in maximum loading capacity among all the ME and MEH formulations tested, ranging from 3.56 mg/mL to 3.94 mg/mL.
3.3.
In vitro deposition of 20S-PPD in hairless mouse skin and Strat-M membrane Fig. 4A shows in vitro deposition of 20S-PPD at 6 h in hairless mouse skin and at 3 h in Strat-M membranes after the topical application of F1, F2, and F3. The deposited amount of 20S-PPD at 6 h in the epidermis/dermis of hairless mouse skin was the highest in F1 (p < 0.01), whereas there was no significant difference in the SC deposition of 20S-PPD among the three ME formulations tested. Moreover, the 20S-PPD deposition at 3 h on the Strat-M membrane was higher in F1 than in F3 (p < 0.05). Fig. 4B shows the effect of cosurfactants added to the F1. Notably, the deposited amounts of 20S-PPD at 6 h in the epidermis/dermis of hairless mouse skin were significantly higher in F4 and F5 than in F1 (p < 0.05), whereas there was no significant difference in the SC deposition of 20S-PPD among the three ME formulations tested. Moreover, the 20S-PPD deposition at 3 h in the Strat-M membrane was the highest in F5 (p < 0.01). The in vitro deposition of 20S-PPD at 3 h in Strat-M membrane after the topical application of the suspension, oil solution, and F5-H formulations is shown in Fig. 5 . The deposited amounts of 20S-PPD were F5H > oil solution > suspension (p < 0.001).
In vivo skin deposition and plasma levels of 20S-PPD after the topical administration of the MEH formulation
Figs. 6 and 7 show in vivo skin deposition profiles and plasma levels, respectively, of 20S-PPD at 3 h, 6 h, 12 h, 18 h, and 24 h after the topical administration of the suspension, oil solution, and F5-H formulations in hairless mice. The in vivo skin deposition and plasma levels of 20S-PPD tended to increase over time in all of the formulations. The deposited amounts of 20S-PPD at 3 h and 6 h in the SC and at 3 h, 6 h, 12 h, 18 h, 24 h in the epidermis/dermis were significantly higher in F5-H than in the two control formulations (p < 0.01; Fig. 6 ). In contrast, there were no significant differences in the plasma concentrations of 20S-PPD at 6 h, 12 h, 18 h, and 24 h among all the formulations tested.
Stability of 20S-PPD-loaded ME and MEH formulations
The stability of 20S-PPD in the oil solution, F1, F5, and F5-H at room temperature and 40 C for 56 d was evaluated in terms of particle size distribution, phase separation/aggregation, and drug content (Table 4 and Fig. S3) . As a result, in the oil solution, F5, and F5-H formulations, no aggregates were observed and their transparency was maintained for 56 d. However, the formation of aggregates together with a wide and discrete particle-size ME, microemulsion; MEH, ME-based hydrogel; MLC, maximum loading capacity; ND, no data; PDI, polydispersity index; 20S-PPD, 20(S)-protopanaxadiol. Fig. 3 . Transmission electron microscopy (TEM) images and particle size distribution of 20S-PPD-loaded ME and MEH formulations. The TEM images were obtained using a LIBRA 120 (Carl Zeiss, Jena, Germany) at 80 kV after staining with 2% phosphotungstic acid. The scale bars represent 0.5 mm. Particle size distributions were obtained using an ELS 8000
(Otsuka Electronics Co. Ltd., Tokyo, Japan) at 25 C. 20S-PPD, 20(S)-protopanaxadiol; ME, microemulsion; MEH, ME-based hydrogel.
distribution was observed in F1 at both temperatures on Day 14, Day 28, and Day 56 after preparation (Fig. S3) . Moreover, the 20S-PPD content of the oil solution, F5, and F5-H remained nearly constant at both temperatures for 56 d, whereas those of F1 significantly decreased to 67.1% and 68.5% at room temperature and 40 C, respectively (Table 4 ).
Discussion
The present study provides novel data on the development of ME and MEH formulations for the topical delivery of a ginsenoside metabolite, 20S-PPD. To prepare ME systems in this study, Capmul MCM EP was selected as an oil phase whereas Labrasol and Tween 20 were selected as constituents of the S mix phase, because of their ability to solubilize 20S-PPD when compared to the other oils and surfactants tested ( Table 1 ). The selected surfactants have high hydrophilic-lipophilic balance (HLB) values, 14.0 for Labrasol and 16.7 for Tween 20, and are considered as emulsifiers suitable for the formation of oil-in-water MEs [26] . In the pseudo-ternary phase diagram shown in Fig. 2 , the three ME formulations (F1-F3) with different Labrasol/Tween 20 ratios were selected based on the principle of high water portion and low S mix portion within the transparent ME region [27, 28] . Additionally, Transcutol HP (HLB ¼ 4.2) and soy PC (HLB ¼ 4.5) were used as cosurfactants in the F4 and F5 ME formulations (Table 2 ) [29] . The combinations of high-HLB surfactants and these low-to medium-HLB cosurfactants are known to render ME systems more stable [26, 30] . Moreover, soy PC can increase the flexibility of the oilewater interface, thereby enhancing the physical stability of ME system [31, 32] . The maximum loading contents of 20S-PPD in all the ME formulations tested were above 3 mg/mL, which was markedly higher in comparison with the aqueous solubility of 20S-PPD (36.8 ng/mL). Based on this maximum loading capacity, the loading content of 20S-PPD in the ME formulations was set to 0.1% (w/w) for further studies to prevent aggregation and precipitation in the ME system.
To prepare the MEH system, hydrophilic polymers such as xanthan gum, Poloxamer 407, and Carbopol 941 were used as gelling agents. However, the addition of xanthan gum to the ME formulations resulted in an instantaneous aggregate formation and considerably increased turbidity (Fig. S2 ). This may have been because of an increase in oilewater interfacial tension caused by xanthan gum [12] . Moreover, the viscosities of Poloxamer 407-based MEH formulations (657 mPa s at room temperature and 2,840 mPa s at 32 C) were much lower than 20,000 mPa s, which is generally considered suitable for topical dermal applications [15, 33] . Carbopol is a polymer of acrylic acid cross-linked with polyalcohol allyl ethers. As it contains a high proportion of carboxyl groups, its aqueous solution is acidic with a pH of about 3.0 [34] . When the Carbopol solution is neutralized with a basic compound (e.g., triethanolamine used in this study), additional hydrogen ions (H þ ) are dissociated from the carboxyl groups of Carbopol, and consequently the charge of the polymer chains is changed to be negative. Then, an electrostatic repulsion between the anionic polymer chains can make them maximally uncoiled, resulting in an increased viscosity and swelling, which is called a gelation process [35] . Carbopol has been widely regarded as a useful component of drug delivery gel systems for dermal, ocular, buccal, nasal, and rectal applications [36] . The rheological properties of Carbopol gels, including remarkable temperature stability, long relaxation time, and low thixotropy, make them amenable in topical delivery systems requiring prolonged and enhanced skin deposition of a drug [37] . In our study, the prepared MEH formulation containing 1.0% (w/w) Carbopol 941 and 2.0% (w/w) triethanolamine (F5-H) was transparent in appearance and exhibited an appropriate viscosity (29,400 mPa s) for topical dermal applications.
The physicochemical properties of the ME and MEH formulations were characterized as shown in Table 3 . The mean droplet sizes of the ME formulations significantly increased as the Labrasol/ Tween 20 ratios increased (F1: 69.1 nm / F2: 79.1 nm / F3: 99.6 nm). The mean droplet sizes were further increased by the addition of cosurfactants into the water phase of F1 and resultant increases in oil/water ratios (F4, 106 nm; F5, 110 nm) . Notably, TEM images showed that the droplet sizes of F5 seemed to be comparable to those of F5-H (Fig. 3) . This result is consistent with a previous study that reported no significant influence of Carbopol on the size and morphology of ME droplets [15, 17] . The surface charges of droplets in all formulations prepared were near neutral (Table 3) , probably because they consisted of nonionic surfactants and oil. This may reduce the risk of skin irritations that can occur more often in the topical use of charged formulations containing ionic surfactants [38] . The mean pH values of all the ME and MEH formulations ranged from 5.33 to 6.91, which are comparable to a pH value of normal human skin (5.5-6.5) [39] . The viscosities of ME formulations were markedly enhanced by the addition of Carbopol 941, which would be more appropriate for topical administration [17] . In the long-term stability test, F1 was observed to be stable for 7 d but unstable on Day 14 and after that, while F5 was stable through Day 56 (Table 4 ). This may be attributable to the higher surfactant contents in F5 than in F1, thereby preventing the aggregation or precipitation of poorly soluble ingredients such as 20S-PPD.
Owing to a limited availability of human skin and its high variability in lipid and protein compositions depending on body weight, sex, age, and diet, hairless mouse skin has been widely regarded as a useful alternative to human skin [25] . Previous studies have demonstrated a good correlation of skin permeation profiles between human and hairless mouse skin [40] . Among F1, F2, and F3, the deposited amounts of 20S-PPD in both the epidermis/dermis of hairless mouse skin and Strat-M membranes were the highest in F1.
Previous studies have reported that the skin permeation and deposition of ME or MEH systems were enhanced as their droplet size decreased [41, 42] . Thus, it appears that the smaller droplet size of F1 than F2 and F3 (Table 3 ) may be responsible for the observations depicted in Fig. 4A , but further investigation is required to understand the exact mechanism(s). Notably, the incorporation of Transcutol as a cosurfactant into F1 significantly enhanced the deposited amounts of 20S-PPD in both the epidermis/dermis of hairless mouse skin and the Strat-M membrane (F4 in Fig. 4B) . Moreover, the incorporation of soy PC as an additional cosurfactant into F4 further enhanced the deposition of 20S-PPD in the Strat-M membrane (F5 in Fig. 4B ). Transcutol can act as a skin permeation enhancer by interacting with hydrophilic moieties of skin lipids and proteins [43] . Soy-PC, the main component of cell membranes, can readily fuse with the SC and increase its fluidity, thereby exerting a skin permeation-enhancing effect [32, 44] . Thus, it is plausible that the enhancement of skin deposition of 20S-PPD observed in F4 and F5 may be attributable to the permeation-enhancing activity of the cosurfactant added. Based on the results shown in Fig. 4, F5 was selected for further studies on the development of MEH formulation.
The in vitro deposition of 20S-PPD after applying F5-based hydrogels (F5-H) together with the suspension and oil solution formulations (serving as control groups) containing 20S-PPD was evaluated using Strat-M membranes. The deposited amount of 20S-PPD was significantly higher in F5-H than in the two control groups (Fig. 5) . Notably, as shown in Figs. 4B and 5, the Strat-M membrane deposition of 20S-PPD in F5-H (157 AE 10 ng/cm 2 ) was significantly lower than that in F5 (266 AE 31 ng/cm 2 ). Although the exact mechanism is unclear, a viscous gel network could have retarded the release of 20S-PPD from F5-H, resulting in the reduced deposition. The in vivo skin deposition of 20S-PPD was evaluated after the topical administration of the suspension, oil solution, and F5-H containing 20S-PPD to hairless mice (Fig. 6) . At all time points, the extent of in vivo epidermal/dermal 20S-PPD deposition was suspension < oil solution < F5-H, which showed a similar tendency to the in vitro 20S-PPD deposition in the Strat-M membranes (Fig. 5) . Based on previously proposed mechanisms that explain the enhancing effect of MEs on topical and transdermal drug delivery, it is suggested that the present MEH system may enhance the skin deposition of 20S-PPD through the following mechanisms: (1) As only dissolved drug molecule can permeate through the skin, the solubilizing effect of MEH can provide a higher drug loading capacity and larger concentration gradient of the drug toward the skin [45] . (2) The oil and surfactants used in the MEH can diffuse into the skin and act as permeation enhancers by disrupting the lipid structure of the SC and/or increasing the solubility of the drug in the skin, leading to an increase in the partition coefficient of the drug between the formulation and skin [46] . (3) The hydration of the SC by the MEH can reduce the barrier function of the SC and enhance drug transport through the skin [47] . (4) The nano-sized ME droplets can provide a larger surface area available for drug release and diffusion [48] .
Recently, it was demonstrated that 20S-PPD showed an antiwrinkle and skin-whitening effect at a concentration range of 250-1,000nM [10] . Assuming that the thickness of the epidermis/dermis layer of male hairless mouse skin is 510 mm [49] , the epidermal/ dermal concentrations of 20S-PPD can be calculated from its deposited amounts. As a result, the calculated epidermal/dermal concentration values at all time points were as follows: 200-274nM in the suspension group, 663-2,180nM in the oil solution group, and 1,490-3,670nM in the F5-H group. In general, drug permeability in human skin tends to be lower by several folds than that in mouse skin [25] . Thus, it can be speculated that the suspension and oil solution formulations cannot provide sufficient epidermal/ dermal 20S-PPD concentration levels, which implies a potential merit to the MEH formulation developed in this study.
In our preliminary in vitro skin permeation study ( Fig. S4 and Table S1), the flux and Q 24 h (cumulative amount penetrated over 24 h) of 20S-PPD were comparable between the oil solution and F5-H groups (the permeated amount in the suspension group was below the detection limit), whereas the D 24 h (deposited amount at 24 h) of 20S-PPD was F5-H > oil solution > suspension both in the SC and epidermis/dermis (p < 0.05). In the in vivo deposition study, after the topical application of oil solution and F5-H, the plasma concentrations of 20S-PPD gradually increased and reached a steady-state level of about 20 ng/mL at 12 h or 18 h (Fig. 7) . The time profiles of the deposited 20S-PPD amount also exhibited similar tendency to those of the plasma 20S-PPD concentrations (Fig. 6) . These results can be attributable to a driving force for the permeation of 20S-PPD through the skin maintaining over 24 h both in the oil solution and F5-H groups (Fig. S4) .
Notably, the results shown in Fig. S4 , Figs. 6 and 7, and Table S1 suggest that the F5-H can enhance the in vitro/in vivo skin deposition of 20S-PPD but does not change its in vitro skin permeation (flux and Q 24 h ) and in vivo systemic absorption (steady-state plasma level), when compared with the oil solution. A possible mechanism for this result is a shift of rate-limiting barrier to skin permeation. In a normal condition, the SC, the outermost layer of the skin, provides the main barrier to the skin permeation of compounds with poor solubility and/or permeability like 20S-PPD. However, when 20S-PPD-loaded oil solution and F5H formulations were applied on the skin, the oil and MEH can reduce the barrier function of the SC and consequently enhance the skin deposition of 20S-PPD to different degrees (F5-H > oil solution) depending on their permeation-enhancing mechanisms. Meanwhile, for a topically administered compound to be absorbed into the systemic circulation, the compound should diffuse deeper into more hydrophilic lower parts of the skin and subsequently permeate through the capillary endothelium, even after it has passed the highly lipophilic SC barrier. These conditions can provide an additional rate-limiting barrier against the in vitro permeation (from the donor cells into the receptor cells) and in vivo systemic absorption (from the skin into the blood) of topically applied 20S-PPD that has a high lipophilicity (log p > 5) and large molecular size unfavorable for transdermal delivery (460.1 Da). Thus, it is speculated that the shift of rate-limiting barrier from the SC (normal condition) to the lower parts and capillary endothelium of the skin tissue (formulation application) may be responsible for the enhanced deposition and unaltered permeation/systemic absorption of 20S-PPD observed in this study. Similarly, several previous studies also reported the discrepancy between skin deposition versus permeation (or systemic absorption) of highly lipophilic and/or relatively large molecular-sized drugs loaded in topical ME, MEH, nanostructured lipid carrier, or nanoemulsion formulations [50e54]. The Strat-M membrane comprises three different polymeric layers with different compositions and structures. The density and rigidness of each layer gradually decrease from the top to the bottom of the membrane to mimic native full-thickness skin [55] . It is well known that Strat-M membrane can be used as a good alternative to animal and human skin in screening tests to estimate the permeability of drugs for transdermal delivery [55] . However, little information is available regarding the relationship between drug deposition profiles in Strat-M membrane and native skin. As shown in Fig. 8BeD , good linear correlations between in vitro 20S-PPD deposition in the Strat-M membrane and in vivo 20S-PPD deposition in hairless mice were found by a linear regression analysis of skin deposition data for all formulations studied. Meanwhile, as shown in Figs. 4 and 8A, in vitro 20S-PPD deposition at 3 h in Strat-M membrane correlated well to that at 6 h in the epidermis/dermis of hairless mouse skin, but not in the SC. However, the exact mechanisms responsible for this result remain unknown because the deposition experiments could not be conducted with each separated layer of Strat-M membrane. Thus, further investigation on the relationship between drug deposition profiles in Strat-M membrane and each part (i.e., SC, epidermis, and dermis) of native skin needs to be performed with various drugs and sampling time points.
The contents (w/w%) of oil (Capmul MCM EP, 17.5%), cosurfactants (Transcutol, 5%; soy PC, 1%), and gelling agent (Carbopol, 1%) used in the MEH formulation (F5-H) do not exceed the maximum allowable usage levels of additives in topical formulations recommended by the US Food and Drug Administration (Capmul MCM EP, 20%; Transcutol, 15%; soy PC, 1%; Carbopol, 3.5%). Those of surfactants (Labrasol, 17.5%; Tween 20, 17.5%) were also below the levels used in previously developed topical ME and MEH formulations (Labrasol, 24%; Tween 20, 30.6%) [50, 56] . In our present study, following the topical application of the MEH formulation, the epidermal/dermal concentration level of the active ingredient, 20S-PPD, was estimated to be 1,490e3,670nM, which is below its no observed adverse effect level (4,000nM) for cytotoxicity in human keratinocytes [10] . Thus, it is plausible that the MEH formulation and its ingredients may exhibit little or no dermal toxicity, but a more systematic evaluation of their dermal toxicity will be required for further clinical development of the MEH formulation.
In conclusion, the Carbopol-based MEH formulations were prepared and evaluated for the topical delivery of a potential skin antiaging agent, 20S-PPD. The formulations successfully enhanced the solubility, long-term stability, and in vitro/in vivo skin deposition of 20S-PPD with no influence on its systemic absorption in mice. Notably, it was found that the Strat-M membrane provided skin deposition data well correlated to those obtained from the present in vitro/in vivo mouse skin studies on 20S-PPD. To the best of our knowledge, these results are the first reported data regarding the development of 20S-PPD-loaded ME/MEH formulations and their deposition profiles in hairless mouse skin and Strat-M membranes. Taken together, the MEH formulation developed in this study could serve as a potentially effective topical delivery system for poorly soluble ginsenosides and their deglycosylated metabolites, including 20S-PPD.
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